The strong CP-violating parameter is small today as indicated by constraints on the neutron electric dipole moment. In the early universe, the QCD axion has not yet relaxed to its QCD-cancelling minimum and it is natural to wonder whether this large CP violation could be responsible for baryogenesis. We show that strong CP violation from the QCD axion can be responsible for the matter antimatter asymmetry of the universe in the context of cold electroweak (EW) baryogenesis if the EW phase transition is delayed below the GeV scale. This can occur naturally if the Higgs couples to a O(100) GeV dilaton, as expected in some models where the Higgs is a pseudoNambu Goldstone boson of a new strongly interacting sector at the TeV scale. The only new relevant ingredients beyond the Standard Model in our framework are the QCD axion and an EW scale dilaton-like scalar field. The existence of such a second scalar resonance with a mass and properties similar to the Higgs boson will soon be tested at the LHC. In this context, the QCD axion would not only solve the strong CP problem, but also the matter anti-matter asymmetry and dark matter.
Introduction
Understanding the generation of the matter-antimatter asymmetry of the universe η = η 10 × 10 −10 , where η 10 = 6.047 ± 0.074 [1] , is one of the key motivations for physics beyond the Standard Model (SM). The SM fails to satisfy two of the three Sakharov conditions needed for baryogenesis. First, as the electroweak (EW) phase transition is not first-order [2] , there is no sufficient departure from equilibrium in the standard cosmological evolution. Second, CP violation in the SM appears to be too small to explain the value of η. There is no absolute proof that CP violation in the SM is insufficient for baryogenesis to work. However, so far, all attempts to predict the value of η with SM CP violation have failed. In particular, CP violation from the Cabibbo-Kobayashi-Maskawa matrix has been shown to be too small to play any role in electroweak baryogenesis [3, 4] . Some more recent attempts were made in the context of cold baryogenesis, but they remain inconclusive [5, 6] .
There are too leading candidates to explain η: leptogenesis from out-of-equilibrium decay of heavy right-handed neutrinos before the EW phase transition [7] , and electroweak baryogenesis during a first-order EW phase transition [8, 9] . 1 While a large number of possibilities for new sources of CP violation arise in minimal TeV scale extensions of the SM and have been considered for baryogenesis, it is natural to wonder whether the CP non conserving term in the SM QCD lagrangian
could have played a role for baryogenesis. The CP-violatingΘ term is constrained today to be smaller than 10 −11 from the absence of a measurable electric dipole moment for the neutron [12] . The Θ parameter characterizes the non-trivial nature of the QCD vacuum. Because chiral transformations change the Θ vacuum once we include weak interactions and 1 Among alternatives, there are recent proposals in which an asymmetry primarily produced in a new physics sector is transmitted to the SM, and in which no new source of baryon nor lepton number violation beyond the SM are needed [10, 11] . They are typically not as minimal as the leptogenesis or EW baryogenesis, but are interesting new routes for baryogenesis.
the quark mass matrix, the only physical observable angle isΘ = Θ + arg detM q where M q is the quark mass matrix. The QCD angle Θ, which is required to solve the U (1) A problem [14] , and arg detM q have nothing to do which each other and there is no reason why they should be tuned such that |Θ| < 10 −11 . This is the so-called strong CP problem [13] . The QCD vacuum energy depends onΘ and is minimized atΘ = 0. Therefore, the puzzle is solved ifΘ is promoted to a dynamical field which relaxes naturally to zero, as advocated by Peccei-Quinn (PQ) [13] . This solution postulates a new global axial symmetry U (1) P Q spontaneously broken by a scalar field Φ = (f a + ρ(x))e ia(x)/fa / √ 2, where the Goldstone boson a(x) is the axion. New heavy colored quarks with coupling to Φ generate a GG term:
The axion couples to gluons, mixes with pions and couples to photons. Its couplings are all suppressed by the factor 1/f a while its mass today satisfies
The axion a(x) relaxes towards the minimum of its potential, at a = 0, thus explaining whyΘ is very small today. However, in the early universe, just after U (1) P Q breaking, Θ = a(x)/f a is large and frozen to a value of order 1 as long as the axion is massless. The axion acquires a mass at the QCD phase transition and classical oscillations of the axion background field around the minimum of the potential start at T i when its mass is of the order of the Hubble scale,
The energy stored in these axion oscillations redshifts as non relativistic matter, and eventually behave exactly as cold dark matter, according to
a . The energy density stored in axions today is bounded by ρ CDM ∼ 10
π . Therefore, today:Θ 10 −21 . While the PQ mechanism works independently of the value f a at which the symmetry is broken, the above cosmological constraint leads to an upper bound on f a whereas an astrophysical lower bound from excess cooling of supernovae, narrows the remaining allowed window for the QCD axion, still unaccessible to laboratory experiments, to [15] :
The question we want to address in this paper is whetherΘ could have played any role at the time of the EW phase transition (EWPT). Given that the physical effects of Θ are testified by the absence in strong interactions of the isosinglet axial symmetry and its associated Goldstone, a light pseudo scalar meson with mass comparable to pions [14] , and that PQ solution is essentially the only solution to the strong CP problem, there are strong motivations for considering the role ofΘ in the early universe. This question has been investigated only once in the literature in Ref. [16] , by Kuzmin, Tkachev and Shaposhnikov who concluded that strong CP violation could not be responsible for baryogenesis. We revisit this question here and draw different conclusions from Ref. [16] . We show that this almost-SM source of CP violation can explain baryogenesis under rather minimal assumptions.
A baryogenesis theory requires a stage of non-equilibrium dynamics in addition to CPviolation and baryon number (B) violation. One of the most popular route for baryogenesis has relied on the possibility that the EWPT is first-order. In this case, baryogenesis takes place in the wall vicinity of growing bubbles of EW-broken vacuum where φ = 0. In front of the bubble wall, in the symmetric phase, where φ = 0, sphalerons are active and B production is biased by CP-violating reflections of particles on the bubble wall. While the universe is converted into the EW broken phase where sphalerons are frozen, the B asymmetry cannot be washed out. This can only work if the EWPT is sufficiently firstorder, i.e. φ/T 1 at the time of bubble nucleation. In the SM, the EWPT is a crossover and the system stays close to equilibrium but in models with an extended scalar sector, not only the EWPT can easily be first-order but new CP-violating sources also come into play. EW baryogenesis relies on new electroweak/TeV scale physics only and is testable at the LHC.
Another less-known but interesting route is to consider instead the case where EW symmetry breaking is triggered through a fast tachyonic instability [17] [18] [19] [20] . In this case, the Higgs mass squared is not turning negative as a consequence of the standard cooling of the universe but because of its coupling to another scalar field field which is rolling down its potential. As the Higgs mass is "forced" to change rapidly in an almost empty universe by the vacuum expectation value (VEV) of an extra field, this case is labelled as "Higgs quenching". It has been shown that Higgs quenching leads to the production of unstable EW field configurations (SU (2) textures) which when decaying lead to Chern-Simons number transitions. This dynamics can lead to very efficient production of B at zero temperature, and is at the origin of the cold baryogenesis scenario [21] [22] [23] [24] [25] [26] [27] . The cold baryogenesis scenario requires
• large Higgs quenching to produce Higgs winding number in the first place
• unsuppressed CP violation at the time of quenching to bias a net baryon number
• a reheat temperature below the sphaleron freese-out temperature T ∼ 130 GeV [28] to avoid washout of B by sphalerons.
Sphalerons play no role in this mechanism. Baryogenesis takes place at low temperature, due to the out-of-equilibrium production of SM EW large field configurations. If the conditions above are satisfied, cold baryogenesis can successfully account for the value of η. It has been simulated on the lattice for different Higgs quenching parameters [26] and using as CP-violating source the dimension-6 operator
where Φ is the Higgs doublet and F is the EW field strength. The contribution of (5) to the
is constrained by the latest electron EDM limit [30] , leading to a bound on the new physics scale M 65 TeV. This still leaves some room open for cold baryogenesis which requires M 340 TeV [26] .
In this work we show that strong CP violation from the operator (2) could source cold baryogenesis instead of the operator (5) . Besides, we are interested in providing natural justification for the Higgs quenching. So far it is put by hand in simulations, implicitly postulating some new scalar at the weak scale responsible for Higgs quenching, without worrying about the associated hierarchy problems. A first step in this direction was provided in Ref. [31] where it was argued that cold baryogenesis should follow naturally in models with nearly conformal dynamics. We show that a Higgs-dilaton coupling not only naturally delays the EWPT to temperatures T Λ QCD but also induces sufficient Higgs quenching during the EWPT, while keeping the reheat temperature below the sphaleron freese out temperature, therefore naturally enabling cold baryogenesis.
The plan of this paper is as follows. In Section 2 we review how a B asymmetry can arise from a time-dependent coupling to the FF operator. In Section 3 we show how the axion can source this time-dependent coupling and how a sufficiently large B asymmetry can be produced in the context of cold baryogenesis. In Section 4, we define the conditions for Higgs quenching. In Section 5 we present the constraints on the dilaton potential. In Section 6 we discuss cosmological implications of the delayed EWPT, in particular for QCD axion dark matter, and we conclude in Section 7.
Baryogenesis from SM baryon number violation
Baryon number violation in the SM follows from the EW anomaly
TrFF (6) where N F is the number of families, F is the EW field strength and
CS is the Chern-Simons number. Variations in the baryon number are related to variations in the Chern-Simons number by ∆B = N F ∆N CS . The master equation for baryogenesis is of the formṅ
where Γ is the rate of Chern-Simons transitions and µ CS is the chemical potential from CPviolating sources inducing a non-vanishing B number. We have omitted in the right-hand side the washout term proportional to −Γn CS T −2 , assumed to be negligible. The generated Chern-Simons number asymmetry can then be written
where T ef f characterizes the temperature at which Chern-Simons transitions are operative at the same time as efficient CP-violation effects. Relevant for baryogenesis is the effective lagrangian
where ζ(ϕ) is some time-varying function of fields which depends on the underlying baryogenesis model. We have
where we made an approximation in which ζ is replaced by its spatial average L −3 d 3 xζ and we integrated by parts in order to exhibit the chemical potential for Chern-Simons number:
Therefore, the time derivative of ζ can be interpreted as a time-dependent chemical potential for Chern-Simons number and L ef f takes the form
This has been extensively used in baryogenesis scenarios in the past. The produced B asymmetry is given by
Using the sphaleron rate in the EW symmetric phase
this leads to:
∆ζ (15) where T reh is the reheat temperature after the EWPT and is of the order of the Higgs mass. It may be significantly higher than the temperature of the EWPT, T EW P T , if the EWPT was delayed and completed after a supercooling stage [17] . For standard EW baryogenesis, T ef f = T EW P T = T reh . In contrast, the key-point for cold baryogenesis is that T ef f = T EW P T [17] . T ef f should be viewed as an effective temperature associated with the production of lowmomentum Higgs modes during quenching. It is significantly higher than the temperature of the EWPT. It is a way to express the very efficient rate of B violation in terms of the equilibrium expression Γ ∼ α 4 w T 4 although the system is very much out-of equilibrium. We will come back to this in Section 4.
As a new source of CP violation, most studies of cold baryogenesis have relied on the effective dimension-6 operator given in Equation (5), i.e.
The resulting B asymmetry is given by
Using T ef f 5T reg [26] , we can have a large enough asymmetry in the context of cold baryogenesis and satisfy the bound M 65 TeV from the electron electric dipole moment.
In summary, the time-varying VEV of the Higgs field enables successful cold baryogenesis. What we are instead going to use in our proposal is that ζ is actually fueled by the time variation of the axion mass around the QCD scale, while the rate of Chern-Simons transitions is non-zero because of the EWPT being delayed at or below the QCD scale in the context of dilaton-induced EW symmetry breaking.
Axion-induced CP violation
Our goal is to investigate whether the large values of the effective vacuum angle in Eq. 2 at early times can have any implications for EW baryogenesis. We havē
and thenΘ quickly drops as the axion gets a mass and starts oscillating around the minimum of its potential. The axion lagrangian reads:
so that
Gluon condensation from SU (3) instantons leads to a VEV for GG and a potential for the axion that can be written as
As a result
To make a connection between the axion and EW baryogenesis, we have to construct an effective operator gathering gluons and EW gauge bosons. The main point of the previous section can be summarized as
An operator of the type (9) can arise, where ζ is controlled by the axion mass squared. In particular, the η meson, which is a singlet under the approximate SU (3) flavor symmetry of strong interactions, can couple to both GG and FF . At temperatures below the η mass, m η ≈ 958 MeV, we can use the effective operator
where [16] . We end up with
As announced earlier, the time variation of the axion field and/or mass is a source for baryogenesis:
To estimate the resulting B asymmetry, we will use as the temperature-dependent axion mass with T t = 102.892 MeV [32] :
68 , for T > T t , where Λ = 400 MeV and α a = 1.68 × 10
which we can rewrite as
where
The axion mass is very suppressed at temperatures above the QCD scale. A large B asymmetry is therefore produced only if the EWPT occurs not much earlier than the QCD phase transition. We have
. So the final B asymmetry in the absence of washout, is, using Eq (15):
If we work in the context of standard EW baryogenesis, we have T ef f = T EW P T = T reh . Even if we set sinΘ(T EW P T ) ∼ 1 in Eq. 31, we need T EW P T 0.2 GeV, to get a large enough B asymmetry today. Such a low EWPT temperature can be achieved by coupling the Higgs to a dilaton field [33, 34, 31] whose scalar potential energy induces a supercooling stage 2 . However, the reheat temperature T reh ∼ O(m H , m d ) cannot be kept below a GeV, unless the dilaton with mass m d is very weakly coupled. Besides, in this case, axion oscillations would be delayed and would overclose the universe. This led Kuzmin et al. to conclude that strong CP violation from the axion cannot play any role during EW baryogenesis [16] . We are going to conjecture on the contrary that the axion can well explain baryogenesis.
The B asymmetry given by Eq. 31 is proportional toΘ(T EW P T ), which can be smaller than the initial valueΘ i if axion oscillations started before the EWPT. Therefore, the B asymmetry depends on the axion mass m a ∝ 1/f a which determines whether oscillations start before or after the EWPT. The temperature T i at which oscillations start is defined by 3H = m a (T i ). In a radiation-dominated universe, T i ∼ a few GeV. In the case of supercooling at the EW scale, T i is smaller, as will be discussed in Section 6. The energy density stored in axion oscillations redshifts as non-relativistic matter, leading to:
2 Another option for a delayed EWPT considered by Witten in the eighties when it was still experimentally allowed was to assume a Higgs mass m H ∼ O(1) GeV [35] . The corresponding evolution ofΘ is plotted in Fig.1 assuming three different values for T i .
To deduce the B asymmetry we then plug (32) into (31) . The result is shown in Fig. 2 , in the absence of washout. For temperatures above the QCD phase transition, there is a suppression from the axion mass, while at low temperatures, the suppression comes from the smallness ofΘ if the axion started to oscillate in the supercooling stage, i.e. m a 3H EW ∼ √ 3ρ vac /m P l . In that case, the B asymmetry is then typically maximized for EWPT temperatures in the 10 MeV−1 GeV range. In the left-handed plot, the gray curve, which corresponds to the standard EW baryogenesis assumption, T ef f = T reh = T EW P T , reproduces the negative conclusion by Kuzmin et al. At the time of Ref. [16] , the mechanism of cold baryogenesis was not known. On the other hand, cold baryogenesis cures the problem. The key point is that even if T EW P T Λ QCD , we can have T ef f T reh ∼ m H . From lattice simulations of cold baryogenesis [26] , a quenched EWPT typically has
Considering that there is no washout factor, we easily get a large B asymmetry since n B /s ∝ (T ef f /T reh ) 3 . For m a 3H EW , there is no low-temperature suppression as the axion field value does not start decreasing until after the EWPT so that a large B asymmetry can be produced even for a very delayed EWPT, see right-handed plot in Figure. 2. The final result depends on the initial angleΘ i before axion oscillations start. We indicated this dependence by a band corresponding to the range 10 −2 ≤Θ i ≤ π/2. We conclude that the standard QCD axion can be responsible of the B asymmetry of the universe in the context of cold EW baryogenesis. We now review the conditions for successful cold EW baryogenesis. 3H EW , the axion is frozen to its initial value until after reheating.
The Higgs quench from a Higgs-scalar coupling
The key point in this work is to exploit the fact that efficient B violation can take place at temperatures below the sphaleron freese-out temperature, under strong out-of-equilibrium conditions as provided by a quenched EWPT. We summarize here briefly the main features of cold baryogenesis and refer the reader to the specific literature for more details [17, [21] [22] [23] [24] [25] [26] [27] .
In the standard picture of cold baryogenesis, the tachyonic transition develops when the Higgs mass squared m 2 ef f changes sign rapidly due to a coupling of the Higgs to an additional scalar field. Just before the EWPT, the universe is relatively cold. The dynamics of spinodal decomposition has been investigated both analytically and numerically [22, 25, [36] [37] [38] [39] [40] , typically using infinitely fast quench. The Fourier modes of the Higgs field with low momentum k < µ are unstable and grow exponentially. The rapid rise of the low momentum modes and the particle number distribution of the Higgs can be seen by solving Φ(k, t) + (m 2 ef f (t) + k 2 )Φ(k, t) = 0 and assuming instantaneous quenching: m 2 ef f = +µ 2 at t < 0 and m 2 ef f = −µ 2 at t > 0, t = 0 being the onset of the transition. This leads to
. Therefore, the energy of the additional scalar field inducing the quench is converted into long wavelength modes of the Higgs field which then contain a large fraction of the total energy of the system. These extended field configurations play a key role in inducing Chern-Simons transitions (see e.g. [31] for a summarized review and references therein). It is difficult to predict the final averaged Chern-Simons number analytically. On the other hand, although we are far from thermal equilibrium, we can use some effective sphaleron rate to roughly estimate the effect of dilaton-induced baryon-number violation. The rate of Chern-Simons transitions can be approximated by that of a system in thermal equilibrium at a temperature T ef f . The effective temperature can be estimated comparing Eq. (14) with
The production of non-zero Chern-Simons number when the Higgs field experiences a fast quench depends on the Higgs mass and on the speed of the quench. For m H ∼ 125 GeV and quenching parameter |u| 0.1, lattice simulations [26] found T ef f /T reh ∼ 20 − 30.
The quenching time t q is defined as the time when the Higgs mass turns negative. The speed of the quench or quenching parameter is a dimensionless velocity parameter characterizing the rate of change of the effective Higgs mass squared at the time of quenching:
Successful cold baryogenesis requires |u| 0.1 [26] . In the SM, the effective Higgs mass varies solely because of the cooling of the universe. Using d/dt = −HT d/dT and T q ∼ µ ∼ m H , the quenching parameter is then
This situation can be changed radically if the Higgs mass is controlled by the time-varying VEV of an additional field σ, e.g.
From energy conservation (σ) 2 ∼ O(∆V ) and we can naturally get order 1 quenching parameter as it is no longer controlled but the Hubble parameter. This additional coupling of the Higgs is what the cold baryogenesis scenario assumes. In this paper, we provide a natural motivation for such an assumption. Earlier proposals rely on arbitrary potentials in which the masses of the scalars are not protected. Instead, we show that the mechanism can be implemented in a well-motivated framework where the smallness of the scalar masses is under control. We already made these claims in Ref. [31] . In the following we build up on this work.
5 Naturally delayed EWPT and low reheat temperature from the dilaton
We consider the following scalar potential in which the quadratic term for the Higgs field φ is controlled by the VEV of the dilaton σ:
where V σ (σ) is a scale invariant function modulated by a slow evolution:
and ξ is a constant. Note that this potential is precisely the one of Randall-Sundrum models [41] . Assuming the Higgs is localized on the IR brane at a distance y = r from the UV brane localized at y = 0, the 4D effective action for the Higgs is:
where v P ∼ Λ U V ∼ m P l ∼ k, H is the canonically normalized field H = e −kπrH and the radion field is σ ≡ ke −kπr .
We also define the scale f ≡ σ (43) which is generated once the radion is stabilized and is exponentially warped down from the Planck scale due to the Anti de Sitter geometry. We also have ξ = v 2 /f 2 . For the 5D AdS metric, the effective 4D potential for the radion was shown to be of the dilaton-like form (40) , independently of the inter brane distance stabilization mechanism [42] [43] [44] . We therefore recover the scalar potential (39) for the coupled radion-Higgs system. Solving the weak/Planck scale hierarchy leads to f ∼ O(TeV).
The cosmology of the potential (39), V σ (σ), was summarized in Ref. [34] . A very strong first-order phase transition typically occurs for this type of potential. In the first investigation of the associated phase transition it was argued that transition to the minimum of the radion potential could not complete [45] . This conclusion essentially followed from a thin-wall estimate of the critical bubble action and assuming that tunneling would take place directly to the minimum of the potential. The key point stressed in [46] is that the phase transition can actually complete through tunneling to a value of the field much smaller than the value at the minimum of the potential and the field subsequently rolls towards the minimum. This is typical of very shallow potentials. As emphasized in Ref. [34] the value of the field at tunneling, σ r , is
where σ + and σ − = f are the positions of the maximum and minimum of the potential respectively. The nucleation temperature T n is proportional to σ r and given by [34, 47] T n ∼ 0.1
For a standard polynomial potential, σ + ∼ σ − ∼ σ r ∼ T n . In contrast, for the very shallow dilaton-like potential, σ + σ − , and the nucleation temperature is parametrically much smaller than the scale associated with the minimum of the potential. We therefore naturally get a stage of supercooling before the phase transition completes. The hierarchy between σ − and σ + can be as large as the Planck scale/weak scale hierarchy: as a function of the Higgs quartic coupling λ, for a typical dilaton potential (we used the GoldbergerWise potential from [46] for this illustration). As σ approaches the minimum σ = f , the quenching condition is satisfied even for relatively small values of λ.
Therefore the nucleation temperature can be as low as [34] T
We obtain T n ∼ 35 MeV if Λ IR = 5 TeV and Λ U V = M P l , while T n ∼ 0.1 GeV if Λ IR = 1 TeV and Λ U V = f a = 10 10 GeV. Note that as QCD breaks conformal invariance, it modifies the potential (40) . While a delayed EWPT down to the QCD scale is a general outcome in our framework, the modification of the scalar potential around the QCD scale will affect the detailed predictions.
In summary, the temperature of the phase transition associated with a potential (40) can be many orders of magnitude smaller than the scale given by the VEV at the minimum of the potential. As v f , the Higgs dependence in the scalar potential was ignored in Ref. [34] , which focussed on V σ (σ). It was implicitly assumed that out-of-equilibrium Higgs dynamics would follow automatically from the radion/dilaton dynamics, in particular as a consequence of bubble collisions, generating the conditions to produce Higgs winding configurations, as needed for cold baryogenesis. As a proof of principle we simulated bubble collisions and looked at the transfer of potential energy to kinetic energy of the scalar field.
In the following, we examine more closely the quenching condition for the potential (39). In the cases considered so far for cold baryogenesis, the quenching time is defined when the effective mass (37) vanishes, which translates as σ field reaches the minimum. When estimated at the minimum, the condition (48) translates as a bound on the second scalar mass eigen state:
where m d = V σ (σ = f ). Since we are considering ξ = v 2 /f 2 1 the off-diagonal terms in the squared mass matrix of the Higgs-dilaton system are small compared to the diagonal entries. Therefore the two mass eigen values are essentially 2λv 2 and V σ (f ). Having checked that the quenching criterion is readily satisfied, the last condition to be satisfied for successful cold baryogenesis is that the reheat temperature is sufficiently small to prevent sphaleron washout. After the EWPT, the vacuum energy stored in the Higgs and dilaton fields reheats the plasma.
We have to impose that this temperature never exceeds the sphaleron freese-out temperature [28] T reh < 130 GeV (52) which leads to a constraint on the dilaton mass. Since f ∼ O(T eV ), this means that the dilaton should be O(100) GeV. We plot this constraint in Fig. 4 for typical dilaton-like potentials used in the literature. Constructions that lead naturally to such a light dilaton have been recently discussed in Ref. [43, [48] [49] [50] [51] . LHC constraints on an EW scale dilaton were presented before the Higgs discovery in [52] [53] [54] [55] . Interpretation of the Higgs discovery in terms of a Higgs-like dilaton [56] has then been considered in [57, 58] . We are instead interested in a scenario where in addition to the 125 GeV Higgs, there is a light dilaton, which is a less constrained option, see e.g [59] [60] [61] , and a careful analysis of CMS and ATLAS data is generally definitely worthwhile and will be a key-test for our scenario in particular.
6 Dark matter relic abundance of the QCD axion So far, we have not imposed any constraint from dark matter (DM) considerations. The supercooled EWPT being followed by reheating at EW scale temperatures, the DM cosmological evolution is roughly unchanged compared to the usual QCD axion scenario.
From Eq. (52), the maximal value of ∆V compatible with the cold baryogenesis scenario is ∆V ∼ π 2 g * (130) 4 /30 ∼ (312 GeV) 4 , corresponding to the Hubble rate H ∼ 2.8 × 10
−14
GeV, which is the typical value of the expansion rate during supercooling due to vacuum energy in the EW sector. This value is plotted as the horizontal line in Figure 5 where we compare the sizes of the Hubble rate in the radiation-dominated era with the axion oscillation rate m a . For f a 7 × 10 10 GeV, oscillations can start only after reheating and DM predictions are the same as usual. For f a 7 × 10 10 GeV, oscillations may start in the supercooling stage before the EWPT, say at T 1 . They stop during reheating following the EWPT. At this point, the axion angle is frozen toΘ EW P T . Oscillations start again when the temperature goes down another time below T i ∼ 1 GeV but with a smaller initial Θ i . According to Eq. (32), the corresponding energy density is thus diluted by a factor [m a (T 1 )/m a (T EW P T )](T EW P T /T 1 ) 3 compared to the standard cosmological scenario. To get the correct DM abundance, we may thus have to push f a to larger values, bringing us back to the first case in which oscillations start after the EWPT and the DM from energy stored in axion oscillations follows the standard prediction.
There is one interesting difference though, which concerns the contribution to DM from axion particles produced by the decay of strings. The estimate of this contribution suffers from uncertainties, it is typically assumed to be of the same order as the contribution from the axion field misalignment mechanism but may be larger [62] . In our scenario, such contribution would be reduced by at least ∼ log(Λ EW /Λ QCD ) ∼ 7 e-folds of inflation associated with the supercooling stage. Together with the baryon asymmetry, this is the only other relevant observable consequence of our supercooling stage. Our peculiar cosmological scenario has no impact on Big Bang Nucleosynthesis since the universe is reheated well above the MeV scale.
Conclusion
We have shown that the QCD axion could play a key role in providing the new source of CP violation in baryogenesis, therefore linking the origin of dark matter to that of the matter antimatter asymmetry of the universe. This CP-violating source is proportional to the axion mass squared and is therefore highly suppressed before the QCD phase transition. Baryogenesis through the axion can be achieved provided that the EWPT is delayed down to sub-GeV temperatures due to a coupling between the Higgs field and an EW scale dilaton. The nearly conformal dynamics which has been advocated to protect the EW scale naturally provides the condition for Higgs quenching as needed in the framework of cold baryogenesis. In terms of the QCD angleΘ = a/f a , the produced baryon asymmetry scales as, for
where T ef f measures the effective temperature of Chern-Simons transitions during the quench and T reh ∼ O(100) GeV is the reheat temperature. If axion oscillations started early in a long supercooling stage, sinΘ EW P T may be significantly smaller than 1. Despite this, we can still have a large baryon asymmetry for T ef f /T reh 5 (see Fig. 2 ). This is precisely what lattice simulations of cold baryogenesis predict, T ef f /T reh ∼ 30 − 40 [26] .
The possibility that the axion could be responsible for the matter antimatter asymmetry of the universe had been discarded back in 1992 in Ref. [16] , while the cold baryognesis proposal was not yet known. In Ref. [16] , which was carried out in the context of standard EW baryogenesis, T ef f was taken to be around Λ QCD , the temperature at which the axion mass is unsuppressed. Therefore, there was no way to get a sufficiently large baryon asymmetry since the reheat temperature after the EWPT has to be around the EW scale. The key point we have stressed here is that in the context of cold baryogenesis, the effective temperature characterizing baryon number violation may be significantly higher than the actual temperature of the universe. Therefore, even if the EWPT takes place at T ∼ Λ QCD in order for the strong CP violation to be maximal, we can have T ef f ∼ O(100) GeV, as shown by extensive numerical simulations of cold baryogenesis. As a result, a reheat temperature of order O(100) GeV as expected in models where the dilaton mass is ∼ O(100) GeV is still compatible with a sufficiently large baryon asymmetry. An important constraint is that the reheat temperature after the dilaton gets its VEV and induces the EWPT should not exceed the freese-out temperature ∼ 130 GeV, in which case the baryon asymmetry would be washed out. This results in a bound on the dilaton mass of the order O(100) GeV (see Fig. 4 ) and is therefore a testable scenario at the LHC. A dilaton lighter than the Higgs is not excluded experimentally.
In summary, an EW scale dilaton provides a new route for departure from thermal equilibrium and can drive a parametric amplification of baryon number violation at low temperatures. This opens the possibility that the strong CP violation via the QCD axion could be responsible for the baryon asymmetry of the universe during a delayed EWPT. Although the cosmological history in our scenario is non-standard between temperatures of order 100 GeV down to sub-GeV, there are essentially no constraints on this supercooling stage preceding the EWPT as it is followed by reheating and therefore has no impact on Big Bang Nucleosynthesis. Interestingly, this period of supercooling can dilute the axion particles produced by string decays but does not modify the usual predictions from the axion oscillations which start only after reheating. For the axion to be dark matter in our framework, we therefore typically predict the Peccei-Quinn scale to be in the same range as usual. It would be interesting to refine these dark matter predictions which depend on the details of the reheating process.
The experimental tests of this scenario are of three very different types: the usual QCD axion searches, LHC searches for an additional dilaton-like field coupled to the Higgs, and a stochastic milli-Hertz gravity wave background detectable by eLISA as a signature of the delayed EW phase transition [34] .
